We compared the performance of a SiPM array and a PMT in a laboratory setting using a single 5.08×5.08-cm cylindrical sodium iodide scintillating crystal. Photomultiplier tubes (PMTs) are the most commonly used device to monitor scintillating materials for radiation detection purposes. The systems are sometimes limited by disadvantages in the PMTs that may degrade their performance, including temperature dependence and variation with magnetic field. Instrumentation engineering must also contend with a potentially large volume relative to the active scintillator volume, fragility, and high voltage requirements. One possible alternative is an array of silicon photomultipliers (SiPMs). Measurements were made with a 5.04×5.04-cm sensL J-series SiPM array and a 7.62 cm Hamamatsu PMT. We demonstrated how the SiPM bias can be sufficiently altered to remove the effects of temperature variation encountered in environments where nuclear safeguards work is often performed. Finally, we evaluated a method of determining enrichment levels of 235 U at various levels and shielding configurations, using both the PMT-mounted and SiPM-mounted scintillator.
Introduction
Inorganic scintillation detectors are widely used in gamma ray spectroscopy, as they are available at low cost and large size, have relatively high gamma stopping power, and have sufficient energy resolution for a variety of use scenarios. A very common spectroscopy system is a thalliumdoped sodium iodide (NaI) crystal instrumented with a photomultiplier tube (PMT). Hand-held versions of these systems are important tools for nuclear safeguards, first responders, and in the prevention of illicit trafficking of nuclear materials [1] [2] [3] . Over decades of use, engineers and scientists have identified a number of disadvantages of PMTs. The level of concern of each depends on the application and environment.
Typical disadvantages cited include bulkiness, fragility, susceptibility to magnetic fields, and high voltage requirements (typically 1000 V) [4] [5] [6] [7] [8] . Emerging technologies could mitigate these disadvantages while maintaining parity with the performance and cost of a PMT. One of these * Corresponding author stiegler1@llnl.gov alternatives is the silicon photomultiplier (SiPM), which has several aspects that could make them preferable to a PMT. They are compact, no not require a vacuum volume, are insensitive to magnetic fields, run at low bias voltages (30-100 V), are physically robust, and are comparable in price to a PMT. SiPM response curves are more dependent on temperature, though, an aspect that we address later in this work.
The goal of this experiment was to asses the viability of replacing a 7.62 cm Hamamatsu PMT with a 5.04×5.04cm sensL J-series SiPM array in a typical hand held spectrometer. These photodetectors' active areas were larger than the dimension of the scintillator, ensuring maximal light collection. Comparisons were carried out by measuring the FWHM energy resolution at several energies, and exploring temperature dependence and possible stabilization methods. We then compared the performance of each photodetector using several 235 U enrichment standards by measuring the energy resolution of the 235 U-186 keV and 238 U-1001 keV gamma peaks, as well as the enrichment predictive capability.
This study did not include investigation of magnetic field effects but this has been reported on in other experiments [9] [10] [11] .
The following sections detail the experimental setup and results of our comparison. Section 2 describes the physical details, the calibration, and resulting energy resolution measurements. The effects of varying temperature and how to compensate is detailed in Section 3. Section 4 presents results of the 235 U enrichment standards campaign.
Experimental Details and Energy Calibration
Details of the hardware used in these evaluations are given in Table 1 . Each photodetector was mounted in turn to the same NaI scintillator to avoid systematic effects from using different crystals. Each photodetector was chosen to ensure full coverage of the NaI, for good light collection. Optical grease was used to mount the photodetectors, again to maximize detection efficiency. We selected the sensL ArrayX-BOB6-64S SiPM readout board because it sums over all pixels, allowing for single-channel readout of the device. This allowed the back-end electronics and analysis nearly identical to that of the PMT, with a signal polarity flip and a slight gain adjustment on the amplifier being the only alterations.
A schematic of the experimental setup is shown in For each photodetector, we acquired background spectra as well as data from three calibration sources: 241 Am (59.5 keV), 137 Cs (662 keV). and 60 Co (1173 and 1332 keV).
The background and calibration sets were taken multiple times during the uranium measurements to ensure stability of the detector response. A typical calibration spectrum before background subtraction is shown in Fig. 2 . The background spectrum was subtracted from all datasets before analysis. The calibration sources were chosen to provide gamma rays that bracket the energy range of gammas of interest from 235 U and 238 U. The fit function to characterize the resolution of the detectors is a Gaussian curve over an inverted Heaviside function. The resolution of the NaI mounted to each photodetector is shown in Table 3 . Resolution is in part a function of the number of detected photons. The resolution at low energies of the SiPM array is degraded relative to that of the PMT because SiPMs have high dark count rates while PMTs are very low noise devices. Modern SiPMs have higher light collection efficiency which can produce better resolution than PMTs at high energies. Other effects could be electronic noise or the non-linearity in the SiPM response. Further investigation into the resolution in this specific configuration is reserved for a future study.
Varying Bias to Compensate for Temperature

Change
The light output of sodium iodide crystals is known to exhibit a temperature dependence [12, 13] , which the manufacturer characterizes as -0.3%/ • C [14] . Given a temperature change from 24 • C to 0 • C, a preset detector calibration would have a deviation of 7%, which is comparable to the FWHM resolution of the detector. This offset is sufficiently strong to give spurious results if the analysis does not take the temperature variation into account.
SiPMs themselves also display a temperature dependence independent of the scintillator. Given the mass and heat capacity differences between the NaI crystal and the course of four hours to determine the time to reach thermal equilibrium. Fig. 3 shows the results, where the system stabilized after about two hours. We then obtained a series of datasets with the system between 14 • C and 36 • C. Fig. 4 shows the spectrum acquired from a few of these datasets. A plot of the 137 Cs peak vs temperature is shown in Fig. 5 . For each new temperature we allowed four hours for thermal equilibration, rather than just two, to ensure the system had fully stabilized. The system shows a clear change in the light response as the temperature increases. The decrease in the system response over the full temperature range is 24%, of which the NaI light production decrease is 6.6%. We attribute the remaining 17% fall in system response to the SiPM temperature dependency, in agreement with literature values (see, e.g., Fig.2a of Ref. [15] ).
We varied the bias of the SiPM array between 26 V and 30 V at room temperature to characterize its dynamic range, with the results shown in Fig. 6 . The system response varied by 900% over this bias range. Given the system variation we measured of 24% over 22 • C, this dynamic range is 8 times larger than would be required to stabilize response over a temperature change of 100 • C. We do note, however, several considerations to remain aware of in attempts to stabilize the temperature response over such a large dynamic range:
• The bias applied to the SiPM must have sufficient accuracy to reliably stabilize the peak centroids • At lower bias, the resolution of the SiPM will worsen
• At lower bias, low-energy gamma ray signals, such as the 60 keV gamma rays from 241 Am, may fall below the data acquisition threshold
Uranium Enrichment Measurements
Basic characterization of uranium samples using gammaspectroscopy is a common in-field measurement in nuclear safeguards. In addition to the periodic background and calibration datasets, we acquired spectra from seven uranium sources with varying enrichments, four shielding configurations, and the two photodetectors. Details of the sources are given in Table 4 . The shielding configurations were:
• No shielding The peak resolution at 186 keV and 1001 keV (Fig. 7) were obtained from the unshielded 93% enriched sample, and the resolutions are shown in Table 5 . Note that the resolution at 1001 keV was better for the SiPM than the PMT, demonstrating the expected increase in resolution for the SiPM at high energies where the dark rate is less relevant.
The technique used to determine the 235 U enrichment is a linear combination of counts in the 186 keV peak and the continuum region on the high-energy side of that peak [16] :
where S 1 and S 2 are the integrated counts in Regions 1 and 2, shown in Fig. 7 . Two calibration spectra are required to solve for the coefficients a and b. The geometry of the setup for the uranium calibration sources and the unknown sources must be consistent to obtain accurate results. The samples selected for the calibration constants were sources 1 and 7. If calibration sources were chosen close to the middle of the full enrichment range (e.g., sources 2 and 3), the results were less accurate, owing to extrapolations being less reliable than interpolations. The results are shown in Table 6 . Each detector measures the fraction within error of each other, demonstrating comparable performance.
The average accuracy of the PMT-mounted detector is 8.5 ± 6.5% and the SiPM-mounted detector is 7.3 ± 4.8%.
Summary
We have discussed several disadvantages of photomultiplier tubes that possible replacement technologies could address, preferably with comparable performance. Some key traits of concern are large volume, temperature dependence, fragility, high voltage, and magnetic field de- and performance with PMTs. This current work focuses on PMT replacement for medium-scale gamma ray spectrometers, with a typical dimension of 5 cm and within the context of nuclear safeguards. For the performance evaluation, our metrics are detector energy resolution, tempera-ture compensation, and sensitivity to uranium enrichment levels.
We performed a laboratory comparison of a PMT-instrumented and SiPM-instrumented sodium iodide detector. We calibrated the detector and measured its resolution in both cases with 241 Am, 137 Cs, and 60 Co. We found small differences in resolution between the PMT system and the SiPM system. The SiPM-mounted system exhibited sufficient dynamic range by altering the bias to compensate for the temperature-related deviations likely to be encountered in a nuclear safeguards use scenario. We further compared the resolution of the 235 U 186 keV and 238 U 1001 keV energy peaks and the results from an enrichment calculation based on the intensity of the 186 keV peak and the underlying continuum. The results were consistent with the calibration measurements at the 5-20% level, with poorer agreement at lower enrichment levels.
SiPMs compare well to PMTs with respect to additional concerns. SiPMs are more rugged than PMTs, as they are not made of an evacuated glass bulb. The bias voltage of a SiPM is on the order of 30-100 V depending on the manufacturer and model, as compared to the 800-1500 V of a typical PMT. The SiPM is also protected against aging and accidental exposure to ambient light while fully biased, as well as being insensitive to applied magnetic fields.
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